Introduction
There are currently two major approaches to overcome tolerance and therefore permit the unleashing of T cells for successful cancer immunotherapy. By using checkpoint blockade, the natural inhibitory signals that limit T cell effector function may be circumvented [1] . The other approach involves the use of synthetic biology to engineer T cells into "cancer hunter cells" [2] , to perform tasks that they would not otherwise be able to accomplish. In retrospect, it seems that the concept of synthetic biology in medicine actually originated outside of the field, on athletic fields where athletes discovered that muscular performance could be enhanced by use of performance-enhancing drugs. In a similar manner, the fields of immunology and gene transfer have shown that T cell function can be enhanced by altering receptor specificity and signaling functions that control proliferative capacity and other cellular functions [3] . Currently, there are two forms of engineered T cells being tested in early-phase clinical trials (Fig. 1) . In one approach, T cells with enhanced affinity or novel specificity are created by expression of heterodimeric T cell receptors (TCRs) in T cells [4, 5] . The other approach uses chimeric antigen receptor (CaR)-modified T cells, also called CaRs T cells or T bodies [6, 7] .
TCR-modified T cells affinity-enhanced TCRs are currently being tested at several centers. The rationale for this is that the endogenous
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repertoire for TCRs is generally of low affinity when targeting self-based cancer antigens [5] . There may be exceptions in the case of so-called neo-antigens, where mutations in the cancer genome create new epitopes that may be targeted by higher affinity TCRs than the TCRs targeting endogenous self-antigens [8] . however, unless the cancer is caused by a virus, most approaches currently rely on targeting non-mutated self-antigens, the most promising of which may be gene products from the cancer testis family of genes [9] . In trials conducted at the university of Pennsylvania and the university of Maryland with colleagues at adaptimmune Ltd, we have reported the initial results of therapy using two TCRs (clinicaltrials.gov NCT01892293). The first to enter our clinical trials was the NY esO-1-specific and hLa-a2-restricted TCR [10] . This TCR is being tested in several types of cancer, including melanoma, myeloma, and synovial cell sarcoma [11] . More than 20 patients with myeloma have been treated, and the initial results are quite promising; notably, there has been no serious toxicity. In contrast, the two patients who were treated with a TCR engineered for enhanced affinity to MaGe a3 experienced serious toxicity. This hLa-a1-restricted TCR was found to have off-target recognition of the cardiac and striated muscle-specific protein Titin [12] . This resulted in serious cardiac toxicity that was lethal in both patients that experienced it [13] . as a result, the clinical development of this particular TCR was terminated. In addition, toxicity has been noted with an independently derived MaGe a3 TCR tested in trials at the National Cancer Institute. This TCR was obtained by immunizing transgenic mice with human MaGe a3 peptide, and an hLa-a2-restricted TCR was obtained. In patients with melanoma, this TCR caused severe neurotoxicity [14] due to unforeseen expression of a cross-reactive related antigen in the brain. One lesson from the toxicity that has been observed with these engineered TCRs is that the toxicity was not always manageable with corticosteroid administration. In addition, the onset of the cardiac and neurologic toxicity was rapid, calling into question whether conditional T cell suicide systems would be effective in the management of this sort of acute toxicity observed in non-dispensable organs such as the brain and heart. while these events illustrate the potency that engineered autologous T cells can display, they highlight the urgent need for improved preclinical systems to uncover off-target reactivity before initiation of clinical trials.
CaR-modified T cells
The concept of CaRs arose from the cloning of the TCR CD3zeta chain and the observation that the cytoplasmic tail of the zeta chain could activate T cells independently of the rest of the TCR complex [15] [16] [17] . The initial studies with CaR-modified T cells having a signaling domain comprised of the CD3zeta chain were conducted in patients with hIv infection [18] . The CaR T cells tested in these studies were found to be safe, and in a retrospective analysis, it was determined that the CaR T cells persisted for more than a decade following infusion [19] . The first CaR T cell trials in cancer patients were conducted by scientists at Cell Genesys targeting the TaG-72 antigen [20] . In more recent studies, the field has developed so-called second and third-generation CaRs that have additional signaling domains attached to the cytosolic activation domain [21] . In principle, this permits T cells to be redirected toward diverse targets by varying the single chain variable fragments, as well as by reprograming the T cells to survive in various tumor microenvironments that are often toxic for natural lymphocytes (Fig. 2) . The first published studies with first-generation CaR T cells in cancer patients were disappointing because they showed limited persistence of the T cells and no antitumor effects [22, 23] . In contrast to these early results, several groups testing second-generation CaR T cells in patients with hematologic malignancies have reported potent antitumor effects [24] [25] [26] [27] [28] . CaR T cells endowed with CD28 or CD137 (4-1BB) signaling domains have been found to have potent antitumor effects in patients with B cell malignancies, including chronic lymphocytic leukemia (CLL) and acute lymphoblastic leukemia (aLL). In studies at the university of Pennsylvania, CaR T cells that employ the 4-1BB signaling domain have been found to persist for more than 3 years in patients with CLL, and for more than 2 years now in patients with aLL. The response rate in these patients has been high, with more than 50 % of patients achieving partial or complete remission. The magnitude of proliferation of the CaR T cells following infusion is a biomarker that correlates with response. In general, patients that have high level proliferation of the CaR T cells have complete remissions, while those who have limited T cell engraftment of the CaR T cells have only limited partial or no response. The expansion of the CaR T cells appears to be more rapid in children than in elderly patients, perhaps reflecting a more vigorous immune response potential in children. a corollary of this is that the cell dose required for children with gene-modified T cells may be lower than elderly patients who often have T cells with a more limited replicative capacity [29] . studies with CaR T cells targeting CD19 that encode a CD28 signaling domain have also shown potent effects in patients with aLL [28] ; however to date, the clinical effects of this particular CaR in patients with CLL have been modest [30] . a potential mechanistic explanation is that CaR T cells with CD28 signaling domains have not displayed long-term engraftment and persistence. second-generation CD28-based CaRs have demonstrated improved survival over first-generation CD3zeta CaR T cells [31] . however, the average survival of CaR T cells in patients with aLL treated at the Memorial sloan Kettering Cancer Center was approximately 28 days [28] . Thus the strategy employed with CaR T cells that have short duration of engraftment has been to use this therapy as a bridge to transplant, rather than as a definitive therapy. Perhaps the major controversy in the field at this point is whether CaR T cells can replace the need for allogeneic stem cell transplantation, or rather, will they serve as a bridge to transplantation? It is now clear that the duration of B cell aplasia is a biomarker of in vivo activity of CaR T cells; in other words, when normal B cells return, it is an indication that the CaR T cells have been eliminated or otherwise failed to maintain effector function. In some cases, but not all, this heralds a relapse of leukemia. Related to this issue, it is not yet known if in patients with remission, every last tumor cell has been eradicated, or if there are dormant tumor cells that remain. In the latter case, this would suggest that long-term persistence of CaR T cells would be desirable, or in the case of a more limited persistence, that maintenance infusions may be required.
CaRtastrophies: adverse events from CaR T cells as with all therapies, the toxicity from CaR T cells may be classified as on-target or off-target. On-target toxicities have occurred and can be categorized as those toxicities occurring from the targeting of tumor cells, as well as normal cells that have shared expression of the CaR-specific antigen. On-target off tumor toxicity was first reported in the biliary tract with carbonic anhydrase IX CaR T cells [23] . This report, along with others since [32] , has disproven the commonly held belief by those mostly outside of the field that clinical safety with antibody studies suggests that the same antibody-targeting moiety in a CaR should also be safe. In the case of CD19-and CD20-directed CaRs, B cell aplasia has been reported in many trials [33, 34] . This is due to the fact that in addition to leukemic cells, normal B cells express lineage differentiation antigens CD19 and CD20. One approach to limit the extent of B cell aplasia is being pursued at Baylor College of Medicine, where CaR T cells directed against the kappa light chain subset of the immunoglobulin receptor are being tested [35] , thereby potentially sparing a portion of the B cell repertoire. For CD19-and CD20-directed CaR T cells, the major on-target on-tumor toxicity has been tumor lysis syndrome, and related to this, cytokine release syndrome. The tumor lysis syndrome that has been observed is generally related to the bulk of tumor in the patient and is managed as per standard practice by medical oncologists. The unique feature of tumor lysis syndrome following CaR T cell therapy is that it may be delayed for up to 50 days following infusion of the T cells [26] , likely reflecting the time required for the CaR T cells to proliferate in those patients.
Cytokine release syndrome occurs in nearly all patients who are responding to B cell-directed CaR therapy and, as was mentioned above, is proportional to the tumor burden in the patient. Cytokine release syndrome is characterized by fever and in more severe cases, renal insufficiency, pulmonary insufficiency and altered mental status. surprisingly, we found that this can be managed with systemically administered cytokine blockade [36] , sparing the use of more broadly immunosuppressive agents such as corticosteroids. To this point, the anti-IL6 receptor antibody tocilizumab has been an effective agent to manage cytokine release syndrome [27] . It is possible that other anticytokine reagents such as drugs that would block the IL-1 cascade would also be effective. similarly, it is possible that inhibitors such as JaK kinase inhibitors may also diminish or prevent the symptoms of cytokine release syndrome. a subset of patients treated with CaRT19 at the university of Pennsylvania have had macrophage activation syndrome, a clinical syndrome that is related to hemophagocytic lymphohistiocytosis [37, 38] . This is characterized by elevations in serum ferritin, C-reactive protein and biochemical evidence of coagulopathy without overt bleeding diathesis. The cause of this syndrome is not yet known, but it may reflect hyperactivation of the immune system, leading the CaRT19 T cells to trigger macrophage activation. The most serious toxicity reported to date with anti-CD19 CaR T cells has been neurologic toxicity. This appears to be more prominent with CaR T cells that use a CD28 signaling domain [28, 39, 40] , perhaps related to the enhanced TNFalpha secretion associated with CD28 signaling [41] . It is interesting to note that significant neurologic toxicity has also been reported with the CD19-directed bispecific antibody blinatumomab [42] . whether caused by CaR T cells or blinatumomab, neurologic toxicity is usually reversible [43] .
Comparisons of TCR-and CaR-modified T cells
The relative advantages and disadvantages of approaches using T cells engineered with TCRs and CaRs can be compared and contrasted. On the one hand, the TCR is a more sensitive signaling receptor, requiring very few ligands (<10 under optimized conditions) in order to trigger sufficient signaling within the T cell to induce in target-specific cytolysis [44] . In contrast, CaR T cells have been shown to require approximately 100 targets at the cell surface in order to trigger killing [45] . The affinity of TCRs for antigen is approximately 1000-fold lower than CaR T cells, so that the signaling intensity triggered by tumor targets in CaR-modified T cells may be higher and potentially nonphysiologic. There is potentially a larger set of "druggable targets" in cancer cells targeted with TCR-engineered T cells, as the TCR can in principle sense the entire intracellular proteome that is presented by MhC molecules. In contrast the set of targets for CaR-modified T cells is limited to structures on the tumor surface, notably proteins, glycolipids and carbohydrate antigens. however, a significant limitation of TCR-modified T cells is that they require the tumor target to retain MhC class I expression and normal endogenous processing of antigen. In contrast, the CaR-modified T cells can kill tumor cells that have lost MhC expression, an unfortunately common occurrence in human cancers [46, 47] . In addition, a CaR-modified T cell is more off-the-shelf in that it does not have to be hLamatched to the patient and the tumor, unlike TCR-modified T cells. In studies to date, it appears that both TCR-modified T cells and CaR-modified T cells can engraft and function in patients; however, to date only CaR-modified T cells have been shown to persist and exhibit sustained effector functions for more than a year in patients [19] .
Future directions
There is an increasing excitement in the field that engineered T cell therapies can be a potent new addition to the toolbox for cancer therapy. It is encouraging to note that several pharmaceutical companies and biotechnology companies have now begun development of T cells using TCR and CaR engineering technology. The major question in the field is whether or not engineered T cells will be effective for solid tumors. It is encouraging that in preclinical studies, recent clinical trials show that CaR T cells and TCR T cells are effective for a variety of solid cancers [5, 11, [48] [49] [50] . It is likely that CaR T cells will have even more potent effects when combined with checkpoint blockade, as reported in preclinical models [51] . another question facing the field is what the frequency of target loss will be. at this time, approximately 10 % of patients treated the university of Pennsylvania with CD19-specific CaR T cells have undergone immunoediting of their tumor as revealed by recurrent tumor with antigen loss variants [27] . Finally, the major engineering issue facing the field of CaR T cell therapy is that the manufacturing of CaR T cells is currently accomplished on an "n of 1" basis. This is done using manual cell culture technologies. In order for the therapy to become routinely applied in the practice of medicine, it is necessary that the process be developed by so-called "out-scaling," using automation and robotic culture technologies so that this promising form of therapy can enter the mainstream practice of oncology therapy [52] . Finally, it is possible that universal donor CaR T cells will have a role [53, 54] , in addition to autologous T cells.
